A simple and inexpensive method of condensing and linktransfection complexes deliver plasmid DNA to cells by the ing plasmid DNA to carrier adenovirus particles is adenovirus infectious route without interference from virus described. The synthetic polycation polyethylenimine is gene expression because psoralen-inactivated virus is used to condense plasmid DNA into positively charged 100 employed. The PEI-DNA-adenovirus complexes display nm complexes. These PEI-DNA complexes are then DNA delivery comparable to more sophisticated DNA virus bound to adenovirus particles through charge interactions complexes employing streptavidin/biotin linkage, but require with negative domains on the viral hexon. The resulting no special reagents and are much easier to prepare.
Introduction
polylysine to adenovirus virions suffer from precipitation Nearly all successful DNA delivery systems include some and storage problems. The adenovirus type 5 capsid itself form of polycation. The charged, extended DNA molis negatively charged and nonspecific polylysine-adenoecule is highly susceptible to mechanical shearing and to virus aggregates can form which limit the activity of enzymatic cleavage. Cationic agents are used to neuthese systems. One partial remedy involves storage of the tralize the negative charge of the DNA and condense its virus-polylysine in high salt (1-2 m) but this can complistructure 1,2 and thereby protect DNA from nuclease cate application of these complexes. More flexible stradegradation. 3 Polycations that have been used extentegies have used specific but noncovalent interactions to sively for gene delivery applications include polylysine, 4- attach antibody-polylysine (AbpL) conjugates 41, 42 or 16 the cationic antibiotic gramicidin S, [17] [18] [19] dendrimers or streptavidin-polylysine (StrpL) 43 conjugates to the surcascade polymers, [20] [21] [22] or cationically modified albumin. 23 face of the adenovirus. The AbpL and the StrpL methods Natural DNA condensation agents such as histones, prohave proven to be versatile. Because optimum gene delivtamines, and high mobility group proteins have also been ery requires a certain amount of titration of the virus to investigated for gene delivery applications. [24] [25] [26] [27] DNA to polylysine ratios, the AbpL and the StrpL conjuAdenovirus virions added to transfection systems as gates allow substantial titration flexibility. However, free particles enhance the cellular uptake of DNA, 12, [28] [29] [30] [31] because neither the AbpL nor the StrpL conjugates are with the enhancement being a function of the cell permecommercially available, one limit to these systems has abilization activity of the adenovirion.
32- 35 The most effecbeen the synthesis of AbpL and the StrpL conjugates. It tive methods of employing adenoviruses for plasmid would be useful to have the flexibility of the conjugate DNA delivery link the DNA to the virion in some mansystems without having to organize the synthesis of the ner. This linkage ensures that the DNA follows the conjugates. efficient entry pathway of the adenovirus and lowers the Recently the polycation polyethylenimine (PEI) has quantity of virus and DNA required. Until now, most been demonstrated to be a useful reagent for gene delivadenovirus-plasmid DNA systems have used polylysine ery. 44, 45 In our efforts to develop a system for transfecting as the DNA-binding and condensation agent because it large DNA molecules such as bacterial artificial chromois an effective DNA condensing agent and it is easy to somes (BACs) we encountered solubility problems with modify chemically. Several methods of covalently couppolylysine condensates of large DNA. These difficulties ling polylysine to the exterior of the adenovirus virus were solved by replacing the polylysine in the adenhave been described, including an enzymatic transglutaovirus-DNA complexes with the synthetic cation PEI. 46 minase method 36,37 and two different chemical coupling We have further developed the PEI-adenovirus system and we find that within certain limits it can be as useful for gene delivery as the previously described biotin-adenovirus-streptavidin-polylysine conjugate system. 43 The
Results
Titration of PEI-DNA Initial work with PEI as a DNA condensing agent for the transfection of very large DNA suggested that a positively charged DNA-PEI complex was essential for gene delivery with adenovirus carrier particles. 46 We have examined this in more detail for the delivery of conventionally sized DNA plasmids (the 7 kb pCLuc used here). Boussif et al 44 found that optimum DNA delivery was obtained with PEI nitrogen to DNA phosphate ratios (N:P) around 9-13, and this ratio results in DNA complexes with a calculated net positive charge. We condensed DNA with various quantities of PEI, added adenovirus particles and tested gene delivery with the resulting complexes by measuring the luciferase activity generated by successful introduction into the cell of the pCLuc plasmid.
Maximum DNA delivery is obtained at PEI nitrogen to DNA phosphate ratio above 10 but drops at lower ratios ( Figure 1a ). The DNA-PEI complexes generated at ratios above 10 have a net positive charge and this is probably to a steady increase in gene expression (lanes 2 to 6).
resulting virus particle to cell ratios are indicated.
Beyond this level of virus, the resulting gene expression declined slightly, probably due to toxicity associated with high virus levels (lanes 7 and 8). Comparing the PEI-DNA-adenovirus complexes with streptavidin-biotinwas condensed with PEI in buffer (20 mm HEPES, pH adenovirus-transferrin-polylysine complexes that have 7.4) containing NaCl from 0 to 500 mm. In the absence of previously been described 43 showed that at the lower NaCl, the DNA is condensed into 100 nm particles (Table virus levels (eg 7000 virus per cell and lower) the PEI 1). The presence of even low concentrations of NaCl complexes generated higher levels of gene expression results in the formation of much larger complexes, from while at higher virus levels the streptavidin-biotin sys-600-1000 nm. The larger size is likely to be due to two tem was more effective (Figure 1b, lanes 9-16) . We conphenomena: at lower NaCl concentration, a charge maskclude that in vitro, the PEI-DNA-adenovirus complexes ing effect by the salt ions could promote aggregation of can deliver DNA with efficiencies comparable to a preinitially small, positively charged PEI-DNA complexes. viously established adenovirus system.
A second phenomenon could be due to the weak DNA binding properties of the low molecular weight PEI, with the PEI-DNA interactions impaired at the higher ionic Structure of PEI-DNA-adenovirus transfection complexes strengths resulting in less tightly condensed DNA. At low but not at higher NaCl concentrations the addition Light scattering was used to determine the sizes of complexes formed between PEI, DNA and adenovirus. DNA of adenovirus type 5 or CELO virus particles results in Samples were prepared in 20 mm HEPES, pH 7.4 plus NaCl at the indicated concentration. Component concentrations were as described in Materials and methods (30 l of 10 mm PEI in 250 l added dropwise to 6 g of DNA (pCLuc) in 250 l followed by 3 × 10 9 particles adenovirus type 5 or CELO virus in 3-6 l of HBS/40% glycerol. b Samples sizes were measured at 1 h after addition of virus using a Brookhaven BI-90 (Brookhaven, NY, USA). Additional sizes: Ad5 (150 mm NaCl) 119.2 (3.2); CELO (150 mm NaCl) 123.6 (5.0).
complexes showing a modest increase in diameter (Table  1) . This increase is due to modest changes in the ionic strength that occur when the virus (in 150 mm NaCl) is added. A smaller size of complexes prepared with CELO at 500 mm NaCl is reproducibly observed, possibly due to the lower negative charge on the CELO hexon, with CELO dissociating from PEI-DNA at this ionic strength. This dissociation of virus is consistent with the gene transfer activity of the complexes (discussed in detail below). We conclude from the light scattering results that the most discrete PEI-DNA-adenovirus complexes (200 nm) are formed in the absence of NaCl; in the presence of 150 mm NaCl, the PEI-DNA-adenovirus complexes formed are approximately 600-700 nm in diameter.
To prepare the PEI-DNA-adenovirus complexes used here, we mixed 6 g DNA (approximately 8 × 10 11 molecules) with 3.5 × 10 9 virus particles resulting in approximately 200 DNA molecules per virus particle. Studies using a variety of sizes of DNA demonstrate that each PEI-condensed DNA complex contains approxi- . Examples of complexes with and without associated virus particles surface charge can be made by considering the charge of amino acid residues 100-300, as this region includes these are shown in Figure 2 . The sizes of the complexes observed by electron microscopy are consistent with the loops. The net charge of this region increases with Ad5 (−16) ϽAd3 (−9) ϽCELO (−1) ϽAd40 (+2). Theoretically, sizes determined by light scattering (Table 1) .
the charge of the exposed fiber knob could also play a role in these interactions with PEI-DNA. Using data from Ionic strength modulation of virus interactions with PEI-DNA complexes
Mei and Wadell 52 and Chiocca et al 53 the net charge of the knob regions of various adenovirus serotypes is Ad5 Because of viral evolution to avoid immune responses, it is expected that the exposed surfaces of the virion might (−2), Ad3, (−3), CELO (−1) and Ad40 (1). Except for the reversal of Ad5 and Ad3, this is roughly the same be quite variable between adenovirus serotypes. For example, based on the crystal structure of the hexon, 47 ordering observed with hexon loop charge. However, because each virion possesses 720 hexon peptides but the EM structure of the virion, 48 and the determination of antigenic sites on the hexon, 49 -51 the subgroup C (Ad2 only 36 fiber peptides, the charge characteristics of the hexon should predominate. One might predict that if and 5) hexon residues 146-335 and 417-535 are considered to be exposed on the surface of the virion. The hexon surface charge interactions are important in establishing PEI-DNA contacts with the virion, then the sensimajor antigenic determinants are dominated by two exposed loops. An approximation of the exposed hexon tivity of gene delivery to ionic strength should follow the 776 suggesting that positively charged domains on the PEI-DNA interact with negative domains on the exposed surface of the hexon.
Addition of a ligand or changing virus serotype can be used to enhance entry into specific cell types Adenovirus type 5 does not efficiently enter cells of hematopoietic origin. 54, 55 This may be due to poor expression of the virus receptor on these cells. The up-regulation of integrins, some of which can serve as receptor for the penton base, has been shown to enhance entry in lymphocytes. An alternative strategy to increase transduction of receptor-poor cells is to attach to the virus or transfection complex a ligand for the target cell; alternatively, a serotype of adenovirus that might bind the target cells bodies to redirect adenovirus binding to the folate recepTotal luciferase activity is plotted (average of three samples, the standard tor. 57 We tested the flexibility of the PEI-adenovirus sys-
tem in this context by adding a ligand or changing the adenovirus serotype. The erythroleukemia cell line K562 is a hematopoietic same pattern, with Ad5 and Ad3 less sensitive than Ad40 cell type that is poorly transduced by adenovirus type 5 and CELO.
vectors. StrpL-pL-Ad5 DNA complexes can enter these PEI-DNA complexes were prepared at various NaCl cells but the entry is enhanced by 2 logs when the ligand concentrations with each of these virus types and tested transferrin is included in the complex as transferrin-polyfor their gene delivery activity. We find that DNA lysine (TfpL; Figure 4a , lanes 1 and 2). PEI-Ad5 comdelivery with Ad5 complexes varies less than 10-fold plexes are also more efficiently delivered when TfpL is with ionic strengths from 0-500 mm (Figure 3, lanes 1-5; added to the complex (Figure 4a, lanes 3 and 4) . PEI com- Table 2 ). The less charged CELO is predicted to be plexes formed with Ad3 however, have a basal level of strongly influenced by salt during the complex formatransfection that is at least a log better than Ad5 comtion. Indeed we observe a greater than 100-fold decline plexes, suggesting that on K562 cells, the Ad3 receptor in gene delivery with CELO complexes formed in 500 mm level is more favorably expressed than the Ad5 receptor. NaCl compared to the zero NaCl sample (Figure 3, lanes Even so, addition of TfpL to the complexes provides a 6-10; Table 2 ). Similar titrations performed with Ad3 and further boost to transfection (Figure 4a , lanes 5 and 6). Ad40 revealed that Ad3 complexes at 500 mm NaCl
Comparing the activity of Ad5, Ad3 and CELO on behaved like complexes formed with the similarly A549 cells, we find that both of the human viruses work charged Ad5, while the weakly charged Ad40 behaves well without additional ligand (Figure 4b , lanes 9-15). like CELO (Table 2) . Thus the response of transfection
The chicken adenovirus works much less efficiently than complexes to NaCl during assembly is consistent with an the human virus in this human cell line (Figure 4b , lanes ionic bridge stabilizing the PEI-DNA interaction with the 1-4) and addition of transferrin to the system allows the adenovirus. The charge character of the exposed loop chicken virus to function nearly as well as the human region of each serotype's hexon can largely account for the behavior of each serotype at higher ionic strengths, virus (Figure 4b , lanes 5-8). Gene transfer into A549 cells using PEI-DNA-adenovirus complexes. Transfections were performed as described in Figure 3 . Values are expressed as the percentage of the 0 mm NaCl luciferase expression for each virus type. Each value represents the average of three transfections, with a standard deviation indicated. a NaCl was present at the indicated concentrations during transfection complex assembly. The net charge of the hexon surface loops is indicated in parentheses.
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while inhibiting the Ad5 complexes to 50% of the no serum value. The presence of 10% fetal calf serum results in a nearly 100-fold drop in the delivery with Ad5 complex; while the Ad3 complex declines to 14% of the no serum value. These results indicate that the delivery with PEI-DNAadenovirus complexes is mildly sensitive to serum, with optimum results obtained in the absence of serum. Ad3 complexes are less sensitive to the presence of serum suggesting that either the serum impairs Ad5-cell interactions greater than Ad3-cell interactions. Alternatively, the serum may influence the PEI-DNA interactions with the virus, and the Ad3 capsid provides a more stable PEI-DNA complex.
Transfection efficiency
It is useful to determine if the PEI transfection method produces many transfected cells expressing the transgene at a low level or a few cells expressing at high level. This analysis was performed using a green fluorescent protein marker gene that allowed analysis of transfection at the cellular level by either microscopy or by FACS analysis.
Cells were transfected with a plasmid encoding GFP using lipofectamine, the streptavidin-polylysine-biotinadenovirus system, PEI (2000 MW) in the absence or presence of adenovirus and PEI (25 000 MW) in the absence (Table 3 ). The FACS analysis also provides information ing sub-2 N quantities of chromosomal DNA which can be detected by propidium iodide staining. The percentLimitations of the PEI system age of GFP-positive cells displaying an apoptotic morGene delivery is relatively stable with quantities of comphology (sub-2 N DNA content) is also presented in plex down to 30 l of complex in 250 l of medium for Table 3 . Apoptosis in nontransfected cells under the same 20 000 cells in a 2.4 cm diameter well (24-well plate).
growth conditions is 0.5%. We find that many methods However, 20 l of complex in 500 l of medium is comof transfection induce a cell death response and this is pletely negative for gene delivery (results not shown).
consistent with previous work on transfection-induced This rapid fall-off of activity suggests that a dissociation apoptosis. 69 Importantly, the presence of adenovirus in of the effective gene delivery occurs when the complex the transfection complexes does not result in an increase is diluted. Many transfection methods are influenced by in apoptosis rate compared to transfection with PEIthe presence of serum. The influence of serum on trans-DNA complexes alone (compare sample 6, no virus, to fection efficiency was tested with PEI-DNA-adenovirus samples 7 and 8, PEI with virus). complexes, using complexes formed with either adenovirus type 5 or adenovirus type 3. With both virus sero-PEI-DNA complexes enhance recombinant adenovirus entry types, maximum delivery is obtained when the transfection occurs in the absence of serum. The presence of 2% PEI-DNA complexes with excess positive charge will bind and accumulate adenovirus particles into larger horse serum has very little effect on the Ad3 complexes, complexes. The initial adenovirus-cell interactions are mary human fibroblasts. In these complexes, the plasmid DNA, serves a structural role rather than encoding a gene limited by diffusion and the inclusion of an inert polymer that limits viral diffusion has been shown to improve to be delivered. For comparison, the same quantity of AdLuc1 was used in the absence of PEI-DNA. The viral transduction efficiency. 58 Furthermore, the simple addition of charged amino acids to the Ad5 fiber has also resulting luciferase activity is plotted as a function of virus:cell ratio (Figure 6 ). At all ratios except the highest, improved transduction efficiencies in cells lacking abundant fiber receptors 56 and the inclusion of polycations can the inclusion of the virus in a PEI complex resulted in a 2-log increase in the quantity of luciferase gene expression. also enhance Ad2 transduction efficiencies. 70 We asked if including the adenovirus in a charged PEI-DNA complex Thus, including the virus in a larger, charged complex results in more efficient transduction. This may have usecould modulate virus entry into cells. A recombinant adenovirus type 5 bearing a luciferase gene in place of ful applications in vitro when attempting to modify cells that lack abundant viral receptors or in vivo when the E1 region (AdLuc1) was assembled into PEI-empty plasmid complexes and the material was supplied to primodifying cells locally, for example in vascular or 779 intratumoral applications. Of course in many in vivo DNA can also help in cell binding. Clearly under some conditions PEI-DNA complexes alone can deliver DNA to cells and these properties may also be involved in the function of the PEI-DNA-adenovirus transfection complexes. We presume that these complexes follow some form of the natural adenovirus entry pathway, and that the virus may facilitate the delivery of the PEI-DNA complex to the nucleus of the target cell. Finally, within the nucleus the more moderate PEI to DNA interactions (relative polylysine to DNA interactions) might facilitate dissociation of the polycation and assembly of the DNA into transcriptionally active material. There are, of course limitations to this system. The complex does not withstand severe dilution, and gene delivery is somewhat sensitive to serum during transfection. On a per virus basis, the PEI-DNA-adenovirus complexes are comparable to the StrpL-TfpL-DNA-adenovirus system. 43 There are however several advantages to this system. It is very simple to establish, different serotypes of adenovirus can be readily incorporated, and it generates high levels of transient gene expression. ution was vortexed vigorously.
Materials and methods
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DNA of HBS containing 6 g of DNA. After a further 30-min incubation, 4 g of transferrin-polylysine 37, 67 in 100 l of Plasmid DNA was prepared by ion exchange chromatography and treated to remove LPS as previously HBS was added. After a final 30-min incubation, aliquots of the mixture were added to the cell cultures as indidescribed. 59 The luciferase marker gene plasmid used bears a cytomegalovirus immediate-early enhancer/ procated. moter-driven luciferase cDNA (pCLuc). 60 The green fluorescent protein (GFP) plasmid used was the enhanced Determination of luciferase activity GFP plasmid pEGFP-C1 from Clontech (Palo Alto, CA, Luciferase assays were performed as previously USA).
described. 68 Briefly, cells were washed once with PBS and then lysed with 150 l of 0.25 m Tris, pH 7.4, 0.1% Triton Adenovirus X-100 (per 2.4-cm well). The lysate was transferred to a The Ad5 virus used here was the E4-defective dl1014 61 round-bottomed 96-well plate, centrifuged for 5 min at grown in W162 cells. 62 For several experiments (where 1500 r.p.m. (Beckman rotor number GH 3.7, approxiindicated) adenovirus type 3 and type 40 were used. mately 450 g) and the luciferase activity in the superThese viruses were grown in 293 cells (ATCC CRLnatant was determined. Extracts were standardized for 1573). 63 Virus growth, purification (banded twice in CsCl) protein content. All values presented are the average of and inactivation with psoralen was as previously three transfection samples with the standard deviation described. 37, 64 The CELO virus was grown and purified indicated. as previously described. 65 For the experiments in this manuscript, biotinylated virus 43 was employed, subFlow cytometric analysis to determine GFP expression sequent experiments demonstrated that the biotin modiAt 72 h after transfection, adherent cells were trypsinized, fication of the Ad5 or CELO virion had no effect on the washed with 2 × 4 ml PBS and fixed in 2% paraformalperformance of viruses in PEI-DNA complexes. The dehyde, 100 mm NaCl, 300 mm sucrose, 3 mm MgCl 2 luciferase-encoding, E1-defective Ad5 virus AdLuc1 was 1 mm EGTA, 10 mm PIPES pH 6.8 at room temperature prepared using the two plasmid system described by Bett for 30 min, washed with 2 × 4 ml of PBS and post-fixed et al 66 and will be described elsewhere. AdLuc1 was in ice-cold 70% ethanol for 10 h. Subsequently, cells were grown on 293 cells and purified by double banding in washed with 2 × 4 ml PBS, treated with RNase A (50 CsCl.
g/ml) in PBS for 30 min, washed with 2 × 4 ml PBS and stained with propidium iodide (50 g/ml) for 30 min Cells before FACS analysis. Flow cytometric analysis of the Primary human skin fibroblasts were used between passcells was carried out on a Becton Dickinson (Mountain age 5 and 15 and grown in DMEM plus 10% FCS View, CA, USA) FACScan equipped with a doublet (DMEM, 2 mm glutamine, 100 IU penicillin, 100 g/ml discrimination module. streptomycin and 10% (v/v) fetal calf serum). A549 (ATCC CCL-185) were grown in DMEM plus 10% FCS, K562 (ATCC CCL-243) were grown in RPMI 1640 plus
